For the optical guidance system flying at low altitude and high speed, the calculation of turbulent convection heat transfer over its dome is the key to designing this kind of aircraft. RANS equations-based turbulence models are of high computation efficiency and their calculation accuracy can satisfy the engineering requirement. But for the calculation of the flow in the shock layer of strong entropy and pressure disturbances existence, especially of aerodynamic heat, some parameters in the RANS energy equation are necessary to be modified. In this paper, we applied turbulence models on the calculation of the heat flux over the dome of sphere-cone body at zero attack. Based on Billig's results, the shape and position of detached shock were extracted in flow field using multi-block structured grid. The thermal conductivity of the inflow was set to kinetic theory model with respect to temperature. When compared with Klein's engineering formula at the stagnation point, we found that the results of turbulent models were larger. By analysis, we found that the main reason of larger values was the interference from entropy layer to boundary layer. Then thermal conductivity of inflow was assigned a fixed value as equivalent thermal conductivity in order to compensate the overestimate of the turbulent kinetic energy. Based on the SST model, numerical experiments showed that the value of equivalent thermal conductivity was only related with the Mach number. The proposed modification approach of equivalent thermal conductivity for inflow in this paper could also be applied to other turbulence models.
INTRODUCTION
As flight speed of optical guidance system is becoming higher, thermal shock due to aerodynamic heating will lead to fracture failure or thermal barrier effect of optical dome, which results in the inefficiency of the guidance system. Therefore, the calculation of heat flux over dome in the aerodynamic heating environment is the key to designing this kind of aircrafts.
Direct numerical simulation based on N-S equations has a high requirement on hardware, and the computational cost is expensive. On the other hand, turbulence models based on RANS equations are of high computation efficiency and their calculation accuracy can meet the engineering requirement. However, the model parameters are mainly measured or calculated by the low speed experiments [1] . For the calculation of the flow in the shock layer of strong entropy and pressure disturbances existence, especially of aerodynamic heat, some parameters in the RANS energy equation are necessary to be modified.
In this paper, we applied turbulence models based on RANS equations to the calculation of the heat flux over the dome of sphere-cone body at zero attack. Based on Billig's results [2] , the shape and position of detached shock were extracted in flow field using multi-block structured grid and the grid was refined near the shock wave and dome surface to reduce the numerical dissipation. The thermal conductivity of the inflow was set to kinetic theory model with respect to temperature. Then the heat flux distribution over dome was calculated using the model of Laminar, the two-equation turbulence models k ε − , k ω − and SST. When compared with Klein's engineering formula at the stagnation point, we found that the results of each model were larger to some extent.
Aimed at this problem, the feature of two-equation turbulence models and flow characteristics of shock-layer were analyzed in order to find the causation of larger results. And then, thermal conductivity of inflow was modified to a fixed value as equivalent thermal conductivity in order to reduce temperature transfer rate through the boundary layer. Using SST model, numerical experiments based on inflow conditions of different altitudes and velocities were conducted. The deviations in results compared with Klein formula were less than 3%. The reasonability and reliability of modification approach of equivalent thermal conductivity were proved by these numerical experiments. This modification approach can also be applied to other turbulence models.
KLEIN'S FORMULA AND k ω − TURBULENCE MODEL

Klein's heat flux formula at stagnation point
Based on the results of Klein [3] , heat flux at stagnation point of dome w q will be:
Where st h is heat transfer coefficient at stagnation point of dome, ρ ∞ , μ ∞ , a ∞ , Ma ∞ , γ and T ∞ are density, viscosity coefficient, acoustic velocity, Mach number, ratio of specific heats and temperature of inflow respectively.
iw
T is initial temperature of dome surface, and we suppose it is equal to temperature of inflow, p c is specific heat at st T is total temperature. These parameters of constant pressure, = 0.075Rmis radius of outer surface of dome, standard atmospheric condition can be found in reference [4] .
k −ω turbulence model equations
The equations governing the eddy viscosity t μ , turbulence kinetic energy k and turbulence frequency ω are as follows [1] :
Where ρ is density， μ is molecular viscosity, i u is mean velocity, j x denotes coordinate axes,
Renolds stress, and
β are closed parameter of model equations, whose values can be found in reference [1] .
NUMERICAL CALCULATION
Generation of grid
As a part of flow field structure , shock wave could be generated by using multi-block structured grid in order to make the grid adapt to the flow filed and reduce the numerical dissipation. The grid with shock wave could also improve the computation efficiency and speed of convergence. Based on the data of experiments, Billig established the shape formula of hyperbolic detached shock in front of the sphere-cone body [2] :
Where δ is detached distance between shock wave and dome, c R is the apical curvature radius of shock wave, and θ denotes attached shock angle of cone with semi-cone angle of 15 degree. Based on Billig's resluts, δ and c R are as follows:
Based on the flight condition of 3.5Ma, detached shock wave was generated in flow field according to formula (7). The grid nearby the shock wave was refined. The body-fitted grid over dome was refined by using 40 layers of grid in geometric distribution law. The height rate between adjacent grid is 1.1. The grid with first layer height of 0.002mm and it's meshing quality was shown in Fig.1(a) . The partial enlarged view of the grid was shown in Fig.1(b) . 
Numerical calculation and results comparison
The altitude of 12000m and speed of 3.5 Ma was set as inflow condition. The consistent temperature of outer surface of dome was set as wall boundary condition. This temperature was supposed to be equal to inflow temperature. Ideal gas was chosen as inflow material. The molecular viscosity changed with Sutherland's formula with respect to temperature. The thermal conductivity of the inflow was set to kinetic theory model with respect to temperature.
The heat flux over dome was calculated using the models of Laminar, k ε − , k ω − and SST. The contours of heat flux distribution calculated by different models were shown in Figure 2 . Distributions of heat flux along the generatrix of outer surface of dome were shown in Figure 3 . In figure 3 , horizontal axis denotes the distance away from symmetric plane along the generatrix and zero point of horizontal axis denotes the stagnation point of dome. The heat flux at stagnation point calculated by different turbulent models is shown in Table 1 , where these results are compared with Klein's engineering formula. As shown in Table 1 , when compared with Klein's engineering formula at the stagnation point, we found that the results of laminar model and turbulence models were larger by 16%, 30%, 56.5% and 30% respectively. These three turbulence models could not be applied on the calculation of heat flux over dome under turbulent flow directly.
MODIFICATION METHOD OF NUMERICAL CALCULATION BASED ON SST MODEL
There are two major factors which cause the numerical results to become larger than Klein's. On the one hand, the solution of turbulent kinetic energy k of the two-equation models is sensitive to the free stream boundary conditions at the outer edge of boundary layer [5] . That is to say, the solution of k equation is sensitive to the ω value in the free stream outside the boundary layer, which leads to the larger calculation result of turbulent kinetic energy. On the other hand, the entropy increase through the shock wave generates strong vortex disturbance in the free stream outside of boundary layer. The shock wave is stronger and the entropy increase will be greater. Entropy increase will bring the flow in shock layer strong vorticity. The turbulence frequency ω denotes the quantitation of vorticity [5] . Thus, the larger turbulence frequency ω of free stream outside boundary layer will lead to the value of k inside boundary layer remarkably increased. As described in k ω − model equation (4), the increases of k will directly lead to the increase of t μ . Energy equation based on k ω − model is formulated by Eq. (10) [5] :
where ρ , i u , e and h are density, velocity vector, internal energy and enthalpy, with / h e p ρ = +
; μ , Pr L and Pr t denote molecular viscosity, laminar Prandtl number and turbulent Prandtl number.
As described in Eq. (10), the increase of t μ will lead to the increase of terms of thermal diffusion and viscous dissipation. Meanwhile, it will lead to the increase of gaseous inner energy within the boundary layer, the decrease of thickness of temperature boundary layer and the increase of temperature gradient, which leads to larger heat flux.
Due to the singularity of ε equation, k ε − model is not as sensitive as k ω − model on free stream conditions [5] .
The numerical experiments also fit in well with the above analysis. 
where E , ( ) ij eff τ and eff k are the total energy, stress tensor and the effective thermal conductivity respectively.
According to the concept of the effective thermal conductivity of Eq. (11), instead of the thermal conductivity of the original molecular dynamics model, we set the thermal conductivity of inflow to be a fixed value which is similar to equivalent thermal conductivity. Thus we can increase the thickness of temperature boundary layer by lowering the temperature transfer rate through the boundary layer. Based on the inflow conditions of different altitude and of the same speed of 2.5Ma, numerical experiments were conducted. The calculated results at stagnation point and comparison with the result of Klein are showed in Table 2 . In this case, the value of equivalent thermal conductivity is set to 0.0242W/(K.m 2 ). The calculation results of different altitude at 3.5 Ma and comparison with the result of Klein are showed in Table 3 . In this case, the value of equivalent thermal conductivity is set to 0.0198W/(K.m 2 ). As shown in Table 2 and Table 3 , under the inflow conditions of different altitudes and the same speed , the heat flux at stagnation point calculated by SST model can comply with Klein algorithm very well by modifying the value of equivalent thermal conductivity. The maximum deviation is less than 3%. This phenomenon also proves the effectiveness of the proposed modification method. According to Table 2 and Table 3 , the value of the equivalent thermal conductivity is only related with the Mach number and has nothing to do with the altitude. Vorticity within the shock layer is only related with the entropy increase across the shock wave. According to the Crocoo theorem, vorticity increases with the increase of Mach number, which proves that the vortex interference in the shock layer affects the precision of calculation of turbulence model once again.
CONCLUSION
In this paper, according to calculating and analyzing the heat flux at stagnation point, the conclusions are summarized as follows:
(1) The main reason of larger heat flux at stagnation point calculated by turbulence models is that the turbulence model is sensitivity to the vortex interference produced by entropy increase in the shock layer.
(2) Thermal conductivity of inflow was assigned a fixed value as equivalent thermal conductivity in order to reduce temperature transfer rate through the boundary layer which could compensate the overestimate of the turbulent kinetic energy. The experiments based on SST turbulence model showed that the value of this equivalent thermal conductivity is only related with the Mach number. This modification method is also applicable to other turbulence models. This is also the basis of the applying turbulence models to high speed flight vehicle aerodynamic heat calculation.
(3) The proposed method avoids the difficulties of redefining the outer boundary conditions, and this method makes calculation more efficient. Meanwhile, the proposed method has important engineering significance.
